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SINTERIITGMECHANISMEETWEENZIRCONIUMCARBIDEm COLUMBIUM

By H. J. Ha@ian and W. G. Lidman “

An investigationwas made of the sinteringprocessand the
sinteringmechanismof a zirconiumcarbide- coluuibimceramal
(ii?.5percentby weightof columbium).The specimensusedwere
preparedby hot-pressingand the effectsof sinteringtemperature
and timeat temperatureon the structureswere determined.A bonding
studywas alsomade of a hot-pressedzirconiumcarbidespecimenand
columbiumpowder.

The resultsof the investigationindicatedthat the sintering
mechanismis one in which columbiumatomscliffuse intothe zirconium
carbidelattice,displacezirconiumatoms,and form columbiumcarbide
and zirconiummetal. This columbiumcarbideis completelysoluble
in thematrixof zirconiumcarbideand a homogeneoussolidsolution
of the carbidesis formed. At the sinteringtemperatured’ 3900°F.
the zirconium
ture.

Sizeand
two sintering
specimenwith

metalformsin the graincorners& the carbidestz+

distributionof themetalphasecouldbe controlledby
variables,temperatureand timeat temperature.The
a fine dispersionof metalhas the higheststrength.

INTRODUCTION

Sinteringis the fundamentalprocessin the establishmentof the
structureand propertiesof a ceramal;a studyof the sinteringmech-
anismis thereforehelpfulin the fabricationof a bodywith optimum
properties.Most of the publishedwork concerningthe theoryof
sinteringceramalshas been doneon cementedcarbidesof the tungsten
carbide- cobalttype. With thismaterial,sinteringtakesplacein
the presenceof a liquidand the metalfacilitatesthe growthof
carbidecrystals(reference1). Othermechanismsof sinteringa
ceramaldependon the materialsand the areaof the particularphase
diagramin which sinteringtakesplace.

.
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Metaladditionsto a ceramicare beingconsideredbecausethereis
a possibilityof improvingthe thermal-shockresistanceand of lowering ~
optimumfabricationtemperatureof the pure ceramic;theremay,however, ~
be a lossin refractortiess.A ceramalconsistingof zirconiumcarbide 10

d
and columbiumis of interestbecauseboth constituentshavehighmelting
temperaturesand, in addition,zirconiumcarbidehas a high tensile

. strengthat 22000F (reference2). In orderto studythe sintering
mechanismof this ceramal,an investigationwas thereforeconductedat
the NACALewislaboratory.

Abonding studywas made usinga hot-pressedzirconiumcarbide
specimenand cohmibiumpowderin orderto determinethe compatibility
of thesematerials.Lattice-parametermeasurementsby X-raydiffrac-
tion,microstructurestudies,densitymeasurements,and room-temperature
modulus-of-ruptureevaluationswere used to establishthe sintering
conditionsand to investigatethe sinteringmechanism. Specimensused
in this investigationwerepreparedby hot-pressingand the effectsof
sinteringtemperatureand timeat temperaturewere studied.

APPARATUSAND PROCEDURE

Materials

Powdersused as the componentmaterialsof

.,

the ceramalunderinves-
tigationwere obtainedcommercially.The purityof the columbium(C%)
is 99.8percent. The calculatedpercentageby weightand thechemical
analysisof the zirconiumcarbide(ZrC)powderare presentedin the
folluwingtable:

Calculatedweight Chemicalanalysis
percent) percent)

zirconium 88.37 85.3.3
Carbon 11.83 12.58
Colullibium ----- ,22
Titanium ----- .48
Iron ----- .03

The mesh sizesof the columbiumand the zirconiumcarbidewere
-400end -325,respectively.The columbiumpowderwas storedin a
moiststatein orderto reducethe fire hazardduringhandling.

.
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A St’U@Of the

Preparationof BondingSpecimen

bondingmechanismbetweencoludbiumand zirconium
carbidewas madeby placingcolunibiumpowderin an indentationground
in a specimenof hot-pressedzirconiumcarbide(reference3). Before
the e~eriment, the carbideW&M washedin carbontetrachloride,in
dilutehydrochloricacid,and finaldyin distilledwater. The specimen
containingthe powderwas placedon a graphiteblock in a zirconia
cruciblewoundwith tungsten-e. The cruciblewas thenplacedwithin
an inductioncoilin a vacuumchauiberevacuatedto a pressureof
10 micronspriorto heating. The graph3teblockand tungstenwirewere
heatedby inductionthat in turnheatedthe specimento 4250°#50°F,
which iS near the.Meltingpointof COkuibiUIILThe specimentemperature
was measuredwith’an opticalpyrometerby sightingthroughthe quartz
windowmountedin the top of.the vacuumchauiber. Above 3400°F, a
smallamountof argonwas passedacrossthe innersurfaceof the
quartzwindowin orderto preventclouding. The specimenwas held at
temperaturefor 15 minutesand the powerwas then cut off. After

!, furnacecoolingto roomtemperature,the bondingspecimenwas sectioned
. throughthe indentation,mountedin bakelite,and preparedfor micro-

scopicexaminationby polishingthe surfacewith diamondabrasives.

Preparationof SinteredSpecimens

Conibiningpowders.- A ChargeCOIISiStiIlgOf 425 grSIIISOf ZirCOIliUIR
carbideand 75 gramsof moistcolunibiumwere cotiinedby mixingin a
l-quartporcelainjarmill;10 porcelainballswere addedto facilitate
themixingaction. A slurryof p-rs was formedby addingethyl
alcoholto fill the jar,whi@ was sealedand rotatedat.40 rpm for
48 holll%. Aftercompletingthemixing operation,the contentsof the
jarwere filteredto removethe excessliquid,air-driedfor 24 hours,
and then storedin tightlysealedglassjarsuntilreadyfor use.
Chemicalanalysesof the powdermixturesare givenin the folluwing
table:

Zirconium Colunibium
t

Catbon
‘ (percent) (percent) (percent)

75.36 11.16 11.76
5MC 73.82 12.29 )3..55
6MC 73.82 12.54 10.92
7MC 73.65 12.37 10.80
9MC 73.44 12.83 10.17

.-

.
1
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Hot-pressing.- lh this investigation,disk-typespecimensof

+fich _ter and approximatelyl/4-inchthicknesswere obtained
b~hot-pressing. The specimenchamberof the graphitediesusedwas

~~inches in diameter
~
m

; outerdimensionsof the diewere 6 inchesin 1+

diamaterand 5 incheslong. An inductioncoilpoweredby a 50-kilowatt
inductionunitwas usedfor heatingthe die.

Sinteringtemperaturesweremeasuredwith an opticalpyrometerby
sightingbetweentwo adjacentloopsof theinductioncoilintoa
3/8-inch-diameterhole thatwas drilledl-inchdeep intothe graphite
die at the midsection.A loadwas appliedto the specimenby a hydrau-
lic jackmountedverticallyabovethe die plungerand a pressuregage,
whichmeasuredthe linepressurebetweenthe hydraulicpump and the
jack,was used to measurethe load exertedon the dieplunger.

A loadof 2000poundsper squareinchwas appliedand the die
was heatedto the sinteringtemperatureby using40 kilowattsof power.
As the desiredsintei%g temperaturewas reached(about1/2 hr was

,.

required),thepwer was adjustedto maintaina constanttemperature.
In orderto determinethe effectof temperatureand timeat temperature, .
specimenswere sinteredat 3700°,3900°,and 4050°*30°F for 5 minutes
and at 3900°+30°F for 15, 30, 45, and 90 minutes. The die was allowed
to coolin air to roomtemperaturebeforethe specimenwas removed;the
timerequiredwas about3 hours.

A representativechemicalanalysisof a specimenbeforeand after
sintering,which showsthatno carbonwas pickedup in the process,is:

3

Sintering zirconium Colunibium Carbon
(percent) (percent) (percent)

Before 73.82 12.29 11.55
After 74.71 12.90 11.23

Ev&ation of SinteredSpecimens

x-raystudy.- In orderto determinethe effectof temperature
and timeon the latticeof the sinteredspecimens,X-raydiffraction
patternswere takenof representativespecimensat eachtemperature
and time investigated.CopperXd and Kj3~d~tion with a SachstyDe
back-reflectioncameraand a film-to-specimendistanceof 3 centi-
meterswereused.

.
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Microscopicexamination.- Studiesof the structureof represent-
ativesampleswere made usingstandardmetallographicmethods. Spec-
imenswerepreparedusingpolishingwheelsand diamondabrasives.

Densitymeasurements.- Densitymeasurementswere made in order
to determinethe uniformityof specimens.Differentialweighingsin
air and waterweremadewith an analyticalbalanceand the individual
valuesare believedto be correctto within@.01 gramper milliliter.

Modulus-of-rupturedetermination.- Evaluationof modulusof
rupturewas made in orderto determinethe sinteringconditions.Hot-
pressedspecimenswere cut in sucha way as to furnishtwo rectangular

modulus-of-rupturespecimensapproximately1* inchlong,1/4 inch

thick,and 1/2 inchwide. All of the surfacisof thesepiecesexcept
the endswere longitudinallygroundusingresinoid-bondeddiamond-
embeddedgrindingwheels.

The two typesof three-pointloadingapparatususedfor modulus-
of-ruptureevaluationsat roomand elevatedtemperaturesare similar
to thoseused in reference4. The elevated-temperaturemodulus-of-
ruptureapparatusconsistidof a commercialglobarresistor,furnace
intowhicha lever-loadingsystemand a protectiveatmospherechamber
had been incorporated.Duringheatingand evaluationperiods,the spec-
imenand the portionof the modulus-of-ruptureapparatusin the furnace
were enclosedwithinthe chamberthroughwhichargonflowedat the rate
of 30 cubicfeetper hour. Specimenswere supportedon siliconcarbide
knifeedgescementedto a refractorybrickand were loadedat a rate
thatgavea stressincreaseof 2000poundsper squareinchper minute
in the extremeouterfiberat the midpointof the specimenlength.
Temperatureof the specimenwas measuredby a chromel-alumelthermo-
coupleat 2000°F and by a platinum- platinum1.3-percentrhodium
.thermocupleat 24000F. Afterthe specimenwas placedon the sup-
‘port@ knifeedges,10 minuteswere allowedfor the specimento heat
to the evaluationtemperaturebeforeloadingwas started. Modulus-of-
ruptureevaluationswere conductedat 2000°and 240@ +_lOOF.

Modulusof rupturewas calculatedfrom the followingequation,
which is derivedfromthe standardbeam formula:

uSp=-
~2

.,*,
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s

P

d

w

t

modulusof rupture,poundsper squareinch

load on specimen(measuredloadtimesleverratio),pounds

distancebetween supportingknife edges,inches

specimenwidth,inches

specimenthickness,inches

RESULTS

studyof

A19DDISCUSSION

BondingSpecimen

Afterheatingthe bondingspecimenfor 15 minutesat 4250°F,
the columbiummeltedand w~en cooled,the metaladheredto tie carbide;
visualexaminationshowedno evidenceof oxidation.The microst.a”ucture
of the specimen(fig.1) shuwscolumbium,zirconiumcarbide,and the
positionof the originalinterface.Light-grayparticlesat the
interfaceare probablyoxidesthatwere formedduringheating. In
addition,the photomicrographshowsthat columbiumand zirconium
carbideadhereand diffusionappearsto have takenplace. In order
to fabricatea strongbody of
powderedconstituentsmustbe
whichequilibriumbetweenthe
reasonablelengthof time.

%drCOlliUlllcarbideand columbium,the
mixedand heatedto a temperatureat
phaseswillbe establishedwithina

Studyof StnteredSpecimens

In orderto determinethe effectof temperatureon the lattice
parameterof the carbidein the sinteredspecimens,calculationswere
made fromback-reflectionpatternsreproducedin figure2. For com-
parison,a patternof zirconiumcarbideof the compositionpreviously
given,inthe section“Materials”is also includedin the figure. The
latticeparametar of the zircontumcarbide,whichhas a sodiumchloride-
type crystalstructure,was fuundto be 4.686A, whichagreeswith the
latticeparauteterreportedin reference5. With the compositioninves-
tigated,no colmibiumlineswere detected;any observedchangeduring
sinteringwouldtiherefarereeultin a changein the zirconiumcarbide
lattice.

The effectof temperatureon the lattlceparameterof sintered
zirconiumcarbideand approximately12.5percentby weightof colum-
biumare:

,,
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Specimer

ZrC
4MC1
4MC2
4MC3

Sintering
time
(rein)

5
5
5
5

Sintering Lattice
temperatureparameter

(OF) (A)

4100 4.686
3700 4.686
3900 4.652
4050 4.652

7

Remarks

Lines sameas”ZrC
Lines shiftedand broadened
Linessameas 4MC2but
sharnened

The specimensinteredat 3700°F showedno changein the diffrac-
tionlines-as comparedwith the zirconiumcarbidesp~cimen,indicating
thatno reactionhad occurred. The diffractionlinesof,thespecimen
slnteredat 3900°F brcadenedand the httice parameterchangedindi-
eatingthata reactionbetweenthe % constituentsoccurred. Broad-
ness of the diffractionlinessuggestsincompletediffusionand implies
that stressesinducedby the reactionare stillpresent. At 4050°F
the lineswere sharpindicatingthatthe reactionbetweenthe consti-
tuentshad reachedequilibrium;by measurements,the lineswere found
to have the samespacingas thosefor the specimensinteredat 3900°F.
Theseresultsshowedthat of the threetemperaturesinvestigated,
3900°F was the temperatureat whichsinteringbec%merapidand,ac-
CO_ to reference6, ~@ struct~l ~ propefiy -es for this
compositioncan be associatedwith this temperature.

The decreasein latticeparameterof zirconiumcarbideduringthe
sinteringprocessshowsthatan interstitialsolidsolutionof zirco-
nium carbideand columbiumwas not formed;however,a substitutional
solidsolutionbetweenthe zirconiumcarbideand columbiummighthave
occurred. Zircotiumand coltiium are transitionelementsand their
atomsare of sucha sizethattheybothwill fom interstitialalloys
with carbon(reference7). The atomicradiiof zirconiumand columbium
are approximatelythe sameas the atomicradiiof eachmetalin its
monocarbidelattice(reference8). When calculatedfrom the distance
of closestapproachof the metalatomsin the carbide,the atomicradius
of the zirconiumin the zirconiumcarbideis 1.66A, whereasthe
GoldSchmidtatomicradiusof the columbiumatom correctedto a coor-
dinationnuziberof 12 is 1.47A. Differencein the sizefactorbetween
the radiusof the zirconiumatom in the zirconiumcarbideand the ele-
ment columbiumis 11.4percent,which is withinthe 15-percentsize
factorfor solutionof elementsand is favorablefor volubility,as
statedin the Hume-Rotheryrule? (reference9). Becausecolunibiumis
a strongercarbideformerthan zirconium,it is reasonableto expect
that columbiumwill displacethe zirconiumin the carbideto form
coluuibiumcarbideand zirconiummetal. The unlimitedvolubility
betweenthe carbidesof colunibiumand zirconiumis shownin figure3.

.
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If columbium(approximately12.5percentby weight)forme columbium
carbide‘thatgoes intosolidsolutionwith the zirconiumcarb~de,the
percentageby molecularweightof columbiumcarbidein the solidsolu-
tionthusformedis 15.7percent.

g
The latticeparameterof the com-

positioncorrespondingto 15.7percentbimolecularweightof columbium 3.
carbidein solutionis closeto 4.852A, whichwas
mined in this investigation.On the basisof this
reactionduringsinteringof zirconiumcarbideand
occursaccordingto the equation

,
Cb+ZrC~l C!bC+Zr

the valuedeter-
discussion,the
coltiium probably

Duringsintering,as the zircontumis displacedby the coludbium
diffusingintothe zirconiumcarbidelattice,a solutionbetween
zirconiumand colunibiumis pro%ablyformedthatbecomesricherin
zirconiumwith timeand becomesdepletedin columbiumwhen the reaction
is complete. Colunibiumcarbide,which is formedduringthe reaction,
is completelysolublein the matrixof zirconiumcarbide(reference8)
and a homogeneoussolidsoluticmaf the carbidesis formed. At the
stiteringtemperatureof 3900°F, the zirconiummetaltendsto fill
the voidsthat etistk the sinteredstructure.

Unetchedmicrostructureof the specimenssinteredat various
temperaturesare shownin figure4. Thesephotographsshuwa matrix
Of ZirCOIliUMcerbide- columbiumcarbidesolidsolution,somemetal
particles,and somevoidsthatare poresin the specimenor “pull
outs:’formedduringgrindingand polishingprocedures.Comparison
of figures4(b) and 4(c) showsthat the displacedzirconiumcoalesces
(toattaina minimumsurfaceenergy)with increasingsintering
temperature.

Effectsof increasingstiteringtemperatureon modulusof rupture
and densityof sinteredspecimensare shownin tableI. The body sin-
teredat 3700°F had low strengthand density,the latticeparameter
was not changed,and the microstructureshowsimproperstitering.
8pecimenssinteredat 3900°and 4050°F had higherdensities,the
latticeparameterchanged,and the microstructureappearsimilar
exceptfor largerparticlesin the solid-solutionmatrixof the spec-
imen sinteredat 4050°F. Modulus-of-ruptureevaluationshowedthat
the specimensinteredat 3900°F was strongerthanthe one sintered
at 4050°F, thus indicatingthatlowerstrengthoccurswith the larger
coalescedmetal inclusions.

Basedon theseresults,the timevariableof sinteri~ was inves-
tigatedat a sipteringtemperatureof 3900°F. ~ figure5, X-ray

.

“
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patterns,whichwere used for measurements,of the specimenssintered
at 3900°F for 5, 15~ 302 45> and 90 minutesare reproduced.Lattice-
parametercalculationsfor the specimensshowedno changefrom the
valuereportedearlier(4.652A) and the reactionwas thereforecom-
pletedbetweenthe constituentsin5 minutesat 3900°F. The X-ray
patternfor the specimensintkmedat 3900°F for 15 minutesshows
thatbroadnessin the l-s, probablycausedby incompletediffusion
and by stressesinducedintothe specimenas a resultof the reaction,
has been eliminated.,

As shownin figure6 and table1, the highestmodulusof rupture
at roomte~eraturewas obtainedby sinteringfor 45 minutesat
3900°F. Uhetched.microstructuresof specimenssinteredfor different
timeperiodsat 3900°F shownin figure7 indicatethatwith increasing
sinteringtime,thereis an increasingtendencyfor themetallicphase
to coalesce;thiseffectwas also observedwith increasingsintering
temperature.The microstructureof the specimehhavinga high strength
(fig.7(d))showsafinedispersion ofmetallicphase. Strength
decreasedwhen the specimenwas sinteredfor 90 minutesat 3900°F and
the microstzwcture(fig.7(e))showsIargecoalescedparticlessimilar
to the structureof the specimensinteredat 4050°F for 5 minutes
(fig.4(c));both specimenshad lowerstrengthsthansspecimenshaving
smallerparticles.This resultindicatesthatwith the sameceramal
composition,sizeand distributiowofthe coalescedparticlesare
importantin obtainingoptimun-strengthproperties.

An etchedmicrostructureof the same specimenshownin figure7(d)
(sinteredat 3900°F for 45 minutes) is shown in figure8. The increase
in numberof darkareascanbe attributedto the uncoveringof additional
metallicparticlesor poresduringthe etchingprocess. The metallic
phaseformsin the graincorners,confirmingthe formationof zirconium
duringsinteringof thesematerials.

Additionalspecimms were fabricatedby hot-pressingat 3900°F
for 45 minutesin orderto evaluatethe elevated-temperaturemodulus
of ruptureof the ceramalconsistingof zirccmiumcarbideand approx-
imately12.5percentby weightof colunibium.Resultsof this evalua-
tionare shownin the followingtable:

SpecimenSintering Sintering DensityEvaluation Modulusof rupture
time temperature(gm/uiL)temperature (lb/sqin.)
(tin) (OF) (OF)

7MC3 45 3900 6.26 2000

{

19,800
22,500

9MC2 45 3900 6.22 2000 25,200

9MC1 45 3900 6.34 2400
{
1.5,900 /
12,300

.-.
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A lineardecreasein strengthwith increasingevaluationtemperature
is showntn figure9, which is a plot of thesedata.

The averagedensityof the specimenssinteredat 3900°F for.
45 minuteswas foundto be 6.29gramsper milliliter;whereasthe cal-
culateddensity,assumingthe formtion of a zirconiumcarbide-
columbiumcarbidesolldsolutionand free zirconiummetal>was approx-
imately6.77gramsper milliliter.Thus,the averagedensityof the
specimenswas approximately93 percentof tie theoreticaldensity.

COK!LUSIONS

An ~stigation of the sinteringmechanismof a zirconium
carbide- columbiumceramal(12.5percentby weightof columbium)
indicatedthat:

1. Columbiumatomsdiffuseintothe zirconiumcarbidelattice,
displacezirconium
metalaccordingto

atoms,and form columbiumcarbideand zirconium
tha equation:

heat
Cb+zrc----+cbc+Zr’

I 2. Coluzibiumcarbidethatformsduringthe reaction completely
dissolvesin the matrixof zirconiumcarbideand a homogeneous solid
solutionof tie carbidesis formed.

3. The zirconiummetalformstithe graincornersof the carbide
structureat the sinteringtemperatureof 3900°F.

4. Sizeand distributionof the metalphaseformedduringsinter-
. ing are of importancein obtaininggood strengthpropertiesand canbe

controlledby two sinteringvariables,temperatureand timeat tem-
perature. The specimenwith a fine dispersionof metalhas the highest
strength.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio,June16, 1950.
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!MIBUI - S!PREIVGJ!HAEO llEITSITYCfFHOl?-E8FSSEDZIRCCR?IUM

CARBIDE- COLUMBIUMCERAMl@

3pecimenSintering Sintering Densi* Room-temperature
time tem&ature (gin/l@ modulusof rupture
(rein) (OF) (lb/sqin.)

4MC1 5 3700 5.77 Impropersintering
4MC2 5 3900 6.15

c

7,100

5 3900 6.05 37,400
2,400

5 4050 6.24
L
32>900
1,000

4MC6 ls 3900 6.08
{
51,000
49>400

5MC4 1.5 3900 6.14
{

47,500
52,300

5MC5 30 3900 6.18
{
45,600
52,800

5MC6 45 3900 6.33
{
57,800
56,600

8MC2 45 3900 6.22 58,800
6MC1 90 3900 6.29 37>7Q0
6MC2 90 3* 6.22 32,400

.
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Figure 3. -
Columbium
from fig.

I I Sintered ZrC + Cb

I

{

a

=!

40 60 80
Molecular weight, percent

Lattice-parameter composition curve for
carbide plus zirconium carbide. (Data
2, reference 8.)
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Figure 6. - Variation of room-temperature modulus of
rupture with sintering time at 3900° F for zircon-
ium carbide - columbium ceramal.
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Figure 9. - Variationof modulus of rupturewith evaluation
temperaturefor zirconiumcarbide- columbiumceramal.
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